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(54) Corneal surgery apparatus 

(57) A corneal surgery apparatus for ablating a cor- 
nea of a patient's eye with a laser beam, the apparatus 
comprising a laser irradiation device including a laser 
light source and an irradiating optical system for guiding 
the laser beam emitted from the laser light source and 
irradiating the cornea with the laser beam, an input 
device for inputting required surgery conditions which 



determines a required shape of the cornea after abla- 
tion, a control device which controls the laser irradiation 
device in such a way to irradiate the laser beam in non- 
uniform irradiation frequency within an ablation range 
based on the inputted surgery conditions. 
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Description 

BACKGROUND OP T HE INVENTION 
1 . Field of the Invention 

[0001] The present invention relates to a corneal 
surgery apparatus, which irradiates a cornea of a 
patient's eye with a laser beam and ablates it to correct 
a refractive error or to remove a lesion. 

2. DeSCriPttOn of RfilatPH Art 

[0002] Conventionally known technique is a corneal 
surgery apparatus that ablates a corneal epithelium or a 
corneal stroma of a patient's eye by using the laser 
beam such as a rare gas halide excimer laser (espe- 
cially, 193nm wavelength of ArF laser beam) to change 
a refractive power of the cornea thereby correcting 
refractive errors including myopia, hypermetropia and , 
astigmatism, or to remove a corneal lesion such as 
superficial corneal opacity or granular corneal dystro- 
phy 

[0003] In laser beam irradiation methods of this kind 
of apparatus, it has been suggested that a slit scan i 
method: it irradiates a cornea with a laser beam whose 
beam vertical cross section is rectangular when irradiat- 
ing and shows generally uniform energy intensity distri- 
bution in a longitudinal direction of the rectangular cross 
section (a horizontal direction) and shows gaussian dis- 3 
tribution in an orthogonal direction relative to the longi- 
tudinal direction (a vertical direction) in a manner that 
the laser beam is being overlapped in the gaussian dis- 
tribution direction (as disclosed in USP 5,507,799 corre- 
sponding to JR HEI 4-242644A). Further, as disclosed 3i 
in USP 5,637,109 (corresponding to JR HEI 6- 
1 14083 A) it has been suggested that a method of rotat- 
ing a scanning direction of a rectangular laser beam at 
predetermined angle intervals such as 120° for ablating 
cross section uniformly 40 
[0004] As other irradiation methods, it has been 
suggested that a one-shot irradiation method, which 
irradiates an ablation range (area) of a cornea with one 
large laser beam, and that a flying spot (spot scan) 
method, which converges a laser beam into a small spot 45 
by a focusing lens and scans the laser beam at a high 
speed as swinging the laser beam with a galvano-mirror 
along X and Y axes. 

[0005] However, energy intensity distribution of the 
laser beam in a direction of beam vertical cross section so 
can be different from the expected results due to diffu- 
sion characteristics (divergence) of the laser beam and 
characteristics of optical members disposed in the laser 
irradiation system. For example, the energy intensity 
distribution shows generally uniform when emitting, but ss 
it shows non-uniform on a cornea. The energy intensity 
distribution decrease in a peripheral portion relative to a 
center portion. Especially, in the slit scan method men- 



tioned above, the energy intensity distribution in the lon- 
gitudinal direction can be generally uniform when 
emitting and non-uniform on a cornea. Accordingly 
when this kind of laser beam is irradiated as scanning. 

5 ablation depth of a peripheral portion is insufficient com- 
pared to that of a center of an ablation range. In the 
method of rotating a scanning direction of the laser 
beam, ablation depth of whole peripheral portion is also 
insufficient compared to ablation depth of the center 

10 portion. The center of laser beam whose energy inten- 
sity distribution is generally uniform can only be used. 
However, efficiency falls off because of small laser 
diameter. 

[0006] In the flying spot method, the laser beam 
is irradiates the cornea at a certain angle relative to a prin- 
cipal optical axis (a standard optical axis) of the irradia- 
tion optical system and the angle of irradiation becomes 
greater as the laser beam passes farther away from the 
principal optical axis. Because of this, compared to the 
w peripheral portion of the ablation range, ablation depth 
of the peripheral portion is also insufficient. Further, the 
ablation depth may be insufficient by a curved shape of 
cornea and the insufficient ablation depth also happen 
in all methods such as the scan method, the one-shot 
s irradiation method and the flying spot method. 

[0007] The insufficient ablation depth of the periph- 
eral portion in the ablation range widens corneal curva- 
ture. A hyperopic shift of the refractive power may 
occure after surgery compared to the refractive power 
? may occur before surgery The refractive power after 
surgery may be more hyperopic compared to the 
expected refractive power after surgery. Especially, it 
has a big effect on phototherapeutic keratectomy (PTK) 
that ablates the cornea uniformly to remove a lesionand 
myopic astigmatism correction 

[0008] Additionally, the laser beam of the energy 
intensity distribution which is different from the expected 
results scans in a manner to being overlapped in the 
fixed direction. The ablated cross section is not uniform 
than expected by overlapping the laser irradiation posi- 
tion in the same position. 

SUMMARY OF THE INVPNTlHM 

[0009] The present invention has been made in 
view of the above circumstances and has an object to 
overcome the above problem and to provide a corneal 
surgery apparatus which complements the insufficient 
ablation depth of a peripheral portion in the ablation 
range caused by a laser characteristic, a laser irradia- 
tion method and a shape of the cornea, and prevents 
occurrences of hyperopic shift of a cornea after abla- 
tion. 

[001 0] Further to provide a corneal surgery appara- 
tus which can ablate the ablated cross section uniformly 
when the energy intensity distribution of the laser beam 
is different from the expected results. 
[0011] Additional objects and advantages of the 
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invention will be set forth in part in the description which 
follows and in part will be obvious from the description, 
or may be learned by practice of the invention. The 
objects and advantages of the invention may be realized 
and attained by means of the instrumentalities and com- 5 
binations particularly pointed our in the appended 
claims. 

[0012] To achieve the objects and in accordance 
with the purpose of the invention, as embodied and 
broadly described herein, a corneal surgery apparatus 
for ablading a cornea of a patient's eye with a laser 
beam comprises laser irradiation means including a 
laser light source and an irradiating optical system for 
guiding the laser beam emitted from the laser light 
source and irradiating the cornea with the laser beam, 
input means for inputting required surgery conditions 
which determines a required shape of a cornea after 
ablation, and a control unit which is connected to the 
laser irradiation unit and the input means for controlling 
the laser irradiation unit in such a way to irradiate the 
laser beam in non-uniform irradiation frequency within 
an ablation range based on the inputted surgery condi- 
tions. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0013] The accompanying drawings, which are 
incorporated in and constitute a part of this specification 
illustrated embodiments of the invention and together 
with the description, serve to explain the objects, advan- 
tages and principles of the invention. In the drawings: 

Fig.1 is a schematic view showing an optical sys- 
tem and a control system of an apparatus of the 
present invention; 

Fig.2 is a view illustrating energy intensity distribu- 
tion of a laser beam at the time of emission; 
Fig.3 is a view illustrating energy intensity distribu- 
tion of the laser beam on a cornea; 
Figs.4A-4F are views illustrating conventional scan- 
ning and rotating methods; 
Figs.5A and 5B are views illustrating occurrences of 
a hyperopic shift which can be caused by the con- 
ventional scanning and rotating methods; 
Figs.6A and 6B are views illustrating scanning and 
rotating way in accordance with the invention; 
Figs.7A-7E are views illustrating scanning and 
rotating way in accordance with the invention; 
Fig. 8 is a view illustrating rotation of a scanning 
direction of the laser beam; 
Fig. 9 is a view illustrating shifts of an irradiation 
position of a laser beam; 

Figs. 1 0A and 10B are views illustrating a method of 
shifting an irradiation position of a laser beam; and 
Figs. 1 1 A and 11 B are views illustrating an example 
of modification of scanning and rotating ways in 
accordance with the invention. 
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DETAILED DESCRIPTION OF THE PREFEERRED 
EMBODIMENTS 

[0014] A detailed description of one preferred 
embodiment of a corneal surgery apparatus embodying 
the present invention will now be given referring to the 
accompanying drawings. Fig.1 is a schematic view 
showing an optical system and a control system of the 
corneal surgery apparatus of the present invention. 
[0015] Reference numeral 1 is an irradiating optical 
system which guides the laser beam to a cornea Ec of a 
patient's eye E and irradiates it with the laser beam. The 
laser source 2 emits an excimer laser (ArF laser) beam 
whose wavelength is 1 93nm with pulsed oscillation. The 
beam vertical cross section of the laser beam emitted 
from the laser source 2 is rectangular. The energy inten- 
sity distribution shows generally uniform distribution 
F(W) in a longitudinal direction of the rectangular cross 
section (X axis direction) and shows the gaussian distri- 
bution F(H) in an orthogonal direction (Y axis direc- 
tion)relative to the X axis direction (See Fig.2). 
[0016] Reference numerals 3 and 4 are plane mir- 
rors. The laser beam emitted horizontally from the laser 
source 2 is deflected upward with the mirror 3 and again 
deflected horizontally at 90° with the mirror 4. The mirror 
4 is moved parallel in an arrow (A-B) direction of Fig.1 
with a moving device 21 and scans the laser beam in a 
direction of the gaussian distribution (describe in detail 
hereinafter). 

[0017] Reference numeral 5 is an image rotator 
which rotates a scanning direction of the laser beam 
with the mirror 4 about the principal axis L1 of the irradi- 
ating optical system 1. The image rotator 5 is rotated at 
the fixed speed and in the fixed direction with a rotating 
device 22. 

[0018] As for the moving device 21 or the rotating 
device 22, these devices can use well- known mecha- 
nism such as a motor, a driver controlled by the control 
device 20 described hereinafter which drives the motor, 
a cam, a guide and a holder for moving the mirror 4 and 
rotating the image rotator 5 with the motor. 
[0019] 6 is an aperture for restricting the ablation 
range (area) with the laser beam. The diameter of the 
aperture is varied by a varying device 23 (The aperture 
6 may be disposed just in front of a cornea Ec). 
[0020] A dichroic mirror 8 makes the principal axis 
L1 of the irradiating optical system 1 and the optical axis 
L2 of an observation optical system 10 and a eye ball 
position detecting optical system 15 coaxially. The dich- 
roic mirror 8 reflects the excimer laser beam and trans- 
mits the visible light and the near-infrared light. The 
observation optical system 10 comprises an objective 
lens 11, a dichroic mirror 12, a binocular microscope 
unit 13 and a visible light source 14. This allows an 
examinee to observe the eye E. The detecting optical 
system 15 comprises a near-infrared light source 16, a 
photographing lens 17, a mirror 18, a near-infrared light 
transmission filter 19a and a CCD camera 19b for the 
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near-infrared. This detecting optical system 15 is pro- 
dded to facilitate alignment of the eye E and the princi- 
pal axis L1 (the axis L2) in directions of up and down or 
right and left (direction of X and Y axes). This allows an 
examinee to perform auto alignment and auto tracking s 
The explanation of the auto alignment and auto tracking 
is omitted since they have less to do with the present 
invention. For the detailed descriptions of auto align- 
ment and auto tracking, see EP 0765648 correspondinq 
to JR HEI 9-149914 and HE1 10-192333 by the present 10 
applicant. An index projecting optical system projects 
two slit indexes for alignment in directions of back and 
forth onto the cornea Ec. It is disposed in the observa- 
tion optical system 10 (unillustrated). The explanation 
thereof is omitted since this also has less to do with the « 
present invention. For the detailed description of this, 
see USP 5.562,656 corresponding to JP. HEI 6-47001 
A fixation light 9 is disposed on the optical axis L2. 
[0021 ] The control device 20 such as CPU controls 
the light source 2. the moving device 21. the rotating 20 
device 22. the varying device 23 and the like. Reference 
numeral 25 is an input device for inputting surgery con- 
ditions such as the ablation diameter (ablation range) or 
the ablation depth (amount of ablation). A foot switch 26 
transmits a trigger signal for laser irradiation. 2S 
[0022] Hereinafter, operation of the apparatus hav- 
ing configurations as mentioned above will be 
described. In the present embodiment, phototherapeu- 
tic keratectomy (PTK) is described as an example. 
[0023] First, the surgery conditions are inputted by 30 
the input device 25. In the case of PTK in the present 
embodiment, the ablation diameter (the ablation range) 
and the ablation depth (the amount of ablation) relative 
to the cornea Ec and the like is inputted by the input 
device 25. The control device 20 controls the varying 35 
device 23 based on the inputted ablation diameter and 
varies opening diameter of the aperture 6 and further 
determines the number of scan of the laser beam based 
on the inputted ablation depth. In the present embodi- 
ment, the repetition frequency of the laser pulses emit- 40 
ted from the light source 2 can be determined between 
5-50 Hz. 

[0024] Next, the examiner first makes the patient lie 
down on an unillustrated bed. The examiner makes the 
patient fix the fixation light 9 to fix the eye E. The exam- 45 
mer observes the eye E with the microscope unit 1 3 and 
aligns it in directions of up and down and right and left 
or in directions of back and forth using the index project- 
ing optical system. At alignment, using the auto align- 
ment and the auto tracking with the detecting optical so 
system 15 mentioned before, the eye E and the appara- 
tus are positioned easily. The examiner can choose 
whether he use the auto alignment and the auto track- 
ing by an illustrated switch. 

[0025] After completion of positioning of the eye E 55 
and the apparatus, the trigger signal is transmitted by 
the foot switch 26. The control device 20 controls the 
light source 2 based on the inputted trigger signal and 



oscillates laser pulses at the determined repetition fre- 
quency. The control device 20 controls the moving 
device 21 and moves the mirror 4 parallel, and scans 
the laser beam at a speed taking account of the deter- 
mined repetition frequency in a direction of gaussian 
distnbution. The control device 20 also controls the 
rotating device 22. The rotating device 20 synchronizes 
the image rotator 5 with laser pulses at the fixed speed 
(180° per pulse). As the image rotator 5 rotates at 180° 
the scanning direction of the laser beam rotates at 360°.' 
[0026] After movement of the mirror 4 completes 
one scan of the laser beam, the control device 20 con- 
trols the light source 2 to momentarily delay the laser 
emission. The device rotates a scanning direction of the 
laser beam in the next scan at the amount of predeter- 
mined angle relative to a direction of the laser beam in 
the former scan. It moves the mirror 4 through the mov- 
ing device 21 and scans the laser beam. A scan of the 
laser beam and the rotation of a scanning direction is 
earned out repeatedly to ablate the cornea Ec at the 
ablate inputted depth. 

[0027] Hereinafter, a scan of the laser beam and 
rotation of a scanning direction will be described in 
detail. The energy intensity distribution of the laser 
beam in the longitudinal direction of the rectangular 
cross section shows generally uniform energy intensity 
distribution when emitted from the light source 2 (see 
Fig. 2) and shows non-uniform energy intensity distribu- 
tion on a cornea Ec (see Fig.3) because of divergence 
of the laser beam and the like. Accordingly, as indicated 
in F.g.4A, after completion the first scan, ablation depth 
of a peripheral portion is shallow compared to center 
portion. A hyperopic shift of the cornea Ec occurs in a 
direction (an orthogonal direction relative to a scanning 
direction) (see Fig.5A). As indicated in Figs.4 B-F. in 
case that the scanning direction of the laser beam is 
rotated at every predetermined angle to be overlapped 
with the second, third, fourth, fifth and sixth scan, the 
whole peripheral portion becomes shallow compared to 
a center portion. A hyperopic shift occurs in the cornea 
Ec in all directions (see Fig.SB). This kind of hyperopic 
shift can be caused by a method of the laser irradiation 
or a shape of a cornea. 

[0028] In the apparatus of the present invention 
variation of moving speed of the mirror 4 in one scan 
and rotation of a scanning direction at every predeter- 
mined angle prevents shallow ablation in the peripheral 
portion. That is, the moving speed of the mirror 4 after a 
start and before completion of scanning in one scan is 
delayed (see Fig. 6B) relative to the laser pulse emis- 
sion at the same interval based on the determined rep- 
etition frequency (see Fig. 6A), the number of irradiation 
of the laser beam is increased (the irradiation interval 
becomes frequent) in the peripheral portion. When the 
first scan is completed, the ablation depth is not uniform 
in the center and peripheral portion (see Fig.7A) How- 
ever, the center and peripheral portion can be generally 
uniform by rotating a scanning direction at predeter- 
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mined angle (133° in Fig.7) to be overlapped with the 
second, third, and forth scan (see Figs.7B-E). In the 
case of successive oscillation of the laser beam, not 
pulsed oscillation, the moving speed of the mirror 4 in 
one scan is varied to extend the irradiation time of the 
laser beam after a start and before completion of scan- 
ning in one scan. In this case, as rotating the image 
rotator 5 at every scan, during rotation, the laser beam 
is blocked by a shatter and the like (or the laser source 
itself may be controlled). 

[0029] Additionally, in the present embodiment, the 
scanning direction of the laser beam is rotated at 133° 
per scan (rotation of the image rotator 5 is of 66.5° per 
scan). This provides more uniform ablation since the 
scanning direction is not the same direction (a scan 
path) even if the number of scans is increased (see 
Fig.8). Rotation angle of the scanning direction is not 
necessary at 133° .the unillustrated switch in the input- 
ted device 25 may change determination. As for the 
rotation angle of the scanning direction, it is preferable 
that determined angle is the different scanning direction 
(scan path) even if the number of scans is increased, 
and also increases dispersion of the angle with less 
number of variations of the scanning direction such as 
133° or 227°. It is also preferable that the angles is over- 
lapped less when performing scans in many times. For 
rotation of the scanning direction at a predetermined 
angle, in addition to the way to shift the timing of the 
laser irradiation as mentioned before, the rotation speed 
of the image rotator 5 may be varied. 
[0030] Further, as indicated in Fig. 9, in the case 
that the scanning direction of the laser beam is almost 
the opposite, shifting a position of the laser irradiation 
within the ablation range, more uniform ablation can be 
achieved (Fig. 9 shows a position of the laser irradiation 
50 in the first scan in the case the scanning direction of 
the laser beam in Fig.9 is rotated at 120° and a position 
of the laser irradiation 51 in the forth scan). For exam- 
ple, when a position of the laser irradiation shifts as 
shown in Fig.9, movement of the mirror 4 in the first and 
forth scan can be varied as indicated in Fig. 10. In the 
case that the scanning direction of the laser beam is 
rotated at 133°, the laser irradiation allows shifting in the 
first scan and the forth scan. In case that scan is over- 
lapped in the same direction, an irradiation position per- 
mits shifting. 

[0031 ] Completing the laser irradiation for the deter- 
mined number of scans, the laser irradiation is per- 
formed even if the foot switch 26 is kept pushing. After 
confirmation of ablation condition of the eye E, the 
examinee completes surgery. 

[0032] In the present embodiment, the insufficient 
ablation depth in the peripheral portion is prevented by 
varying interval of laser pulses and rotating the scan- 
ning direction at predetermined angle. In this case, the 
interval of laser pulses after a start and before comple- 
tion of scanning in one scan is made rapid (short) (see 
Fig. 1 1 A) relative to the moving mirror 4 (see Fig. 11 B) 



at the fixed speed. The number-of the laser irradiation is 
increased (the irradiation interval is frequent) in the 
peripheral portion. As described before, rotating the 
scanning direction to be overlapped the second, third 

5 and fourth scan, the ablation depth can be generally 
uniform in the center and the peripheral portion. In the 
case the laser beam with successive oscillation, not 
pulsed oscillation, the interval of the laser emission may 
be changed by a shatter and the like. 

10 [0033] Variation of the moving speed of the mirror 4 
in one scan and of the interval of the laser pulses may 
prevent the insufficient ablation depth. 
[0034] In the present embodiment, operation of the 
apparatus in phototherapeutic keratectomy (PTK) is 

15 described. The present invention can be applied to pho- 
torefractive keratectomy (PRK) which varies curvature 
of the cornea by ablating the cornea with the laser irra- 
diation. 

[0035] In the present invention, for sake of easy 
20 explanation, the laser irradiation is gradually more fre- 
quent as irradiated from the center portion to the periph- 
eral portion. The present invention is not limited to such 
and included similar technique. For example, according 
to the experiment with using removed pig's eyes by the 
25 present inventor, the laser irradiation in a peripheral por- 
tion is frequent compared to a center portion of the abla- 
tion range. The whole ablation range can be ablated 
uniformly by the coarse laser irradiation in outermost 
peripheral portion compared to near-center portion. 
30 [0036] In the present embodiment, the laser irradia- 
tion by scanning system is described. In the case of the 
flying spot system, the laser is irradiated more fre- 
quently at the peripheral portion compared to a center 
portion of the ablation range. 

35 

Claims 

1. A corneal surgery apparatus for ablating a cornea 
of a patient's eye with a laser beam, the apparatus 
40 comprising: 

laser irradiation means including 



a laser light source, and 
45 an irradiating optical system for guiding the 

laser beam emitted from the laser light 
source and irradiating the cornea with the 
laser beam; 

so input means for inputting required surgery con- 

ditions which determines a required shape of 
the cornea after ablation; and 
control means which controls the laser irradia- 
tion means in such a way to irradiate the laser 

55 beam in non-uniform irradiation frequency 

within an ablation range based on the inputted 
surgery conditions. 
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- The corneal surgery apparatus according to claim 
1 , wherein the control means controls the laser irra- 
diation means such that the irradiation frequency in 
a peripheral portion of the ablation range is closer 
than the irradiation frequency in a center portion of 5 
the abaltion range. 

. The corneal surgery apparatus according to claim 1 
or 2, wherein the laser irradiation means comprises 
scanning means for scanning the laser beam in a 10 11 
predetermined direction within the ablation range. 

The corneal surgery apparatus according to claim 
3 f wherein the laser light source includes a laser 
light source emitting the laser beam whose energy 15 
intensity distribution shows non-uniform energy 
intensity distribution; and 

the scanning means scans the laser beam in a 
direction of the non-uniform energy intensity 20 
distribution. 

The corneal surgery apparatus according to claim 3 
or 4, wherein the control means controls the scan- 
ning means to vary a scanning speed of the laser 25 
beam in one scan. 



6. 



direction of the laser beam with the scanning 
means; and 

the control means controls situations of laser 
emission and rotation by the rotation means in 
a manner to rotate the scanning direction at 
predetermined angle after every completion of 
one each scan. 

The corneal surgery apparatus according to claim 
10, wherein the rotation means includes an image 
rotator which rotates in a predetermined direction 
and at a predetermined speed; 

the control means shifts timing of the laser 
emission relative to the rotation of the image 
rotator after completion of one each scan and 
rotates the scanning direction at a pedeter- 
mined angle. 



The corneal surgery apparatus according to any of 
claims 3 to 5, wherein the laser light source 
includes a laser light source which oscillates the 
pulsed laser beam at predetermined intervals; and 

the control means controls the scanning means 
to vary a scanning speed of the laser beam rel- 
ative to the pulse intervals. 
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The corneal surgery apparatus according to claim 5 
or 6, wherein the control means controls the scan- 
ning means to slow down the scanning speed in a 
peripheral portion of the ablation range relative to 40 
the scanning speed in a center portion of the abla- 
tion range. 



12. The corneal surgery apparatus according to any of 
claims 3 to 1 1 , wherein the control means controls 
situations of a scan with the scanning means and 
laser emission in a manner to shift an irradiation 
position of the laser beam on the cornea relative to 
an irradiation position of a former scan in case that 
at least either the scanning direction of the laser 
beam with the scanning means is generally the 
same or opposite direction relative to the former 
scan. 

13. The corneal surgery apparatus according to claim 
12, wherein the control means controls the scan- 
ning means to shift the irradiation position of the 
laser beam relative to the irradiation position in the 
former scanning. 



L The corneal surgery apparatus according to any of 
claims 3 to 7, wherein the control means controls 45 
laser emission to vary emission intervals of the 
laser beam in one scan. 



>. The corneal surgery apparatus according to claim 
8, wherein the control means controls the laser so 
emission to shorten the emission intervals in a 
peripheral portion of the ablation range relative to 
the emission intervals in a center portion of the 
ablation range. 

3- The corneal surgery apparatus according to any of 
claims 3 to 9, wherein the laser irradiation means 
comprises rotation means which rotates a scanning 
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